Tetrapod-shaped ZnO nanowires were synthesized by the directive oxidation process of Al-Zn mixtures containing Mg. Mg played a crucial role in the formation of the ZnO nanowires. X-ray diffraction data and SEM images of the nanowires revealed that the ZnO nanowires were single crystalline with wurtzite structure of hexagonal phase. With increasing Mg concentration in Al-Zn mixture from 2 mass% to 8 mass%, the tip morphology of the nanowires changed from spherical shape to needle-like shape, and went back to spherical shape. The quantity of the nanowires first increased and then decreased with Mg concentration. From Energy dispersive X-ray spectrum and SEM image taken for the tip of the ZnO nanowire, it is supposed that the growth of the nanowires proceeded in vapor-solid mechanism. The green emission centered at 510 nm was observed at room temperature, which resulted from high density of oxygen vacancies in the nanowires.
Introduction
Nanostructured materials have attracted much attention due to their novel physical and chemical properties distinctive from conventional bulk materials. Over the years, nanostructures including Si, GaAs, GaP, and GaN, etc. have been synthesized. Recently, the nanostructures of oxide ceramics have received a great interest for the potential application in electronic and optoelectronic devices. Among these oxide ceramics, ZnO has been particularly focused due to the possibility for use in many areas such as transparent conductive films, solar cell windows, acoustic wave devices, varistors, and gas sensors. In addition, its wide bandgap energy of 3.37 eV and the large exciton binding energy of 60 meV make it a promising photonic material for UV devices such as short wavelength light emitting diodes and laser diodes. Thus ZnO nanostructures have received considerable attention owing to their application in nanoscale optoelectronic devices. Most recently, the observation of room temperature UV lasing in ZnO nanowires 1) has stimulated the studies on the synthesis and characterization of ZnO nanowires as a possible nanolasing material. So far, various one-dimensional ZnO nanostructures including nanowires, nanotubes, nanosprings, and nanobelts have been synthesized by a variety of methods such as thermal evaporation, 2) electrophoretic deposition, 3) electrochemical etching, 4) and electrochemical deposition. 5) In this paper, we report a simple method to synthesize ZnO nanowires with high yield by directive oxidation of Al-Zn mixture and the effect of Mg on the formation of ZnO nanowires. And growth mechanism and photoluminescence (PL) property of the ZnO nanowires are investigated.
Experimental procedure
Source materials for synthesizing ZnO nanowires were prepared by mixing Al block and Zn powder in a weight ratio of 10:1. To examine the effect of Mg on the formation of ZnO nanowires, Mg was mixed in the source materials in the range of 0-8 mass%. The Al metal block, Zn powder, and Mg powder were placed in an alumina crucible and melted at 700°C in a furnace under air ambient. Then the melt was stirred using an alumina rod. After the furnace was cooled down to room temperature (RT), the source material in an alumina crucible was inserted into an oxidation furnace. The furnace was heated to 1000°C with a heating rate of 10°C/min and kept at this temperature for 3 h in air. Any carrier gas was not employed during the oxidation. Finally, the furnace was cooled down to room temperature with a cooling rate of 10°C/min. After this process, white colored product was found on the surface of the oxidized source materials containing Mg.
The crystal structure of the product was analyzed by X-ray diffractometry with Cu Kα radiation. The morphology of the product was investigated using scanning electron microscope (SEM) equipped with energy dispersive X-ray (EDX) spectroscope. The components of the product were verified by the EDX. The photoluminescence (PL) was measured using a He-Cd laser with the wavelength of 325 nm as an excitation source at room temperature. The PL spectra were detected through a cooled charge coupled device with a monochromator. Figure 1 shows photographs of the white colored products found on the surfaces of the source materials oxidized in air. The white product was not synthesized on the surface of the source material without Mg content. The quantity of the white product increases as Mg concentration increases from 2 mass% to 6 mass%, while the quantity decreases at a Mg concentration of 8 mass%.
Results and discussion
The crystallographic information on the as-synthesized white products was investigated using XRD. Figure 2 shows a typical XRD spectrum of the product. Similar XRD patterns were observed for samples prepared with different Mg contents. The
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XRD diffraction peaks can be indexed to the hexagonal wurtzite structure of ZnO with the estimated lattice constants of c = 0.520 nm and a = 0.325 nm. The cell parameters are good agreement with those of ZnO single crystal (c = 0.520 nm and a = 0.325 nm), indicative of high ZnO crystallinity. No diffraction peaks from impurities are detected in the XRD pattern.
EDX spectrum was measured on the product for the charac-terization of the components. Figure 3 shows a typical EDX spectrum. No other elements except Zn and O atoms are identified, which also proves the fact that the products are pure ZnO material with atomic ratio of 1:1. The XRD and the EDX analysis confirm that the white product consists of ZnO with high quality crystallinity. The morphologies of the products were investigated using SEM. Figure 4 shows the SEM images of the products synthesized from Al-Zn mixtures with different Mg contents, displaying that the products are composed of tetrapode-shaped nanowires with four legs extending from the center. The leg has a conical shape to decrease in diameter with growing from center to edge. The white products were found on the oxidized source materials with Mg. From these results, it can be concluded that Mg plays a significant role in the formation of tetrapod-shaped ZnO nanowires.
On the other hand, the ZnO nanowires show different morphology of the wire tip as the Mg contents is varied. When the Mg content is 2 mass%, the tip of the ZnO nanowire has a round shape. As the Mg content is increased up to 6 mass%, the tip tends to be sharper, having a more needle-like shape. When the Mg content is further increased to 8 mass%, the tip goes back to the round shape. This suggests that Mg concentration is an important parameter in modulating the tip shape of tetrapodshaped ZnO nanowires. Additionally, the yield of ZnO nanowires increased with increasing Mg content up to 6 mass% and then Fig. 1 . Photographs of the white colored products found on the surfaces of the oxidized source materials with different Mg contents; (a) 0 mass%, (b) 2 mass%, (c) 4 mass%, (d) 6 mass%, (e) 8 mass%. 
decreased when the Mg content was 8 mass%, which demonstrates that Mg to some extent promotes the formation of ZnO nanowires.
The low specific gravity and boiling point of Mg in Al-Zn mixture results in a high vapor pressure, leading to segregate Mg towards the outermost layer of molten surface. Then Mg is oxidized preferentially on the molten surface. As the oxidation proceeds, the volumetric difference between inner molten metal and the MgO layer introduces tensile stress into the oxide layer, causing cleavages in the oxide layer. 6)-8) It is supposed that the oxidation of Zn vapor will occur on the cleavages caused by the stress introduced into MgO layer, resulting in the growth of ZnO nanowires. In the case of the source material with high Mg content of 8 mass%, a thick MgO layer is formed on the outermost surface. This thicker MgO layer prevents Zn vapor from diffusing out from the interior of the molten alloy to the oxide surface, which is deemed to cause the decrease in yield of ZnO nanowires.
To elucidate the growth mechanism, the chemical constituent of the tip of the nanowires was analyzed using EDX. For vaporliquid-solid (VLS) growth process, the catalyst or impurity must form a liquid droplet at the tip of nanowire during the growth. 9),10) The EDX spectrum taken for the tip (the area denoted as A) of the ZnO nanowires is shown in Fig. 5 . The EDX spectrum shows that no other components except Zn and O atoms are found at the tip of the nanowires. The fact confirms that the nanowires growth is not VLS and may be instead vaporsolid (VS) growth. VS growth proceeds under conditions without the presence of catalyst.
To get more obvious confirmation of V-S growth mechanism, the tip area of the ZnO nanowires was observed during the growth. Figure 6 shows the SEM images taken for the tips dur-ing the growth. Hexagonal end planes are identified at the tips of the tetrapod legs as shown in Fig. 6(a) , indicating the legs grow via layer-by-layer growth mode. It has been explained that the layer-by-layer growth is involved with Zn self-catalytic V-S mechanism. Zn and Zn suboxides with low melting point play a role of catalyst for one-dimensional growth of ZnO nanowires. 11) On the other hand, as shown in Fig. 6(b) , axial screw dislocations are observed at some tips of the tetrapod legs, which implies that the growth of the nanowire proceeds in a spiral growth. The screw dislocation serves as a continuous growth source to generate growth sites, which leads to a spiral growth. Thus the spiral growth will ensure V-S growth mechanism. So far, a lot of research has been devoted to confirm the presence of axial screw dislocation for the V-S growth of nanowires. However, in most case, the observation of axial screw dislocation has been failed. Judging from the SEM images, it is supposed that the growth of the ZnO nanowires in our system is associated with screwdislocation-dominated as well as Zn self catalytic mechanisms.
The room temperature PL spectrum of the ZnO nanowires is shown in Fig. 7 . A continuous wave He-Cd laser (325 nm) was used as the excitation source for exciting the ZnO nanowires.
The room temperature PL pattern shows a strong green emission centered at 510 nm. The green emission originates from the 
recombination of a photo-generated hole with an electron trapped in the oxygen vacancy. 12) This means that the ZnO nanowires synthesized in our process have high density of oxygen vacancies. Similar PL spectra were observed for all samples regardless of Mg content in the Al-Zn mixtures. It is known that as the size of ZnO nanowires decreases, the intensity of the green emission increases because of greater fraction of surface oxygen vacancies in the thinner nanowires. 10) Compared to bulk crystal, the nanowires have higher density of surface and subsurface oxygen vacancies. Accordingly, the strong green emission should be the characteristic of ZnO nanowires.
Conclusions
Tetrapod-shaped ZnO nanowires have been formed with a high yield on the surface of oxidized Al-Zn mixtures with Mg. Further work should be performed to elucidate the effect of Mg on the formation of the ZnO nanowires. However it can be concluded that Mg played an important role to the formation of the ZnO nanostructures. Additionally, it was shown that the Mg concentration could be used to modulate the tip shape of tetrapod ZnO nanowires. Our approach would be relatively simple and low cost in synthesizing ZnO nanowires because they can be fabricated on large area in air.
